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Abstract:  In 2017 a survey was initiated of vineyards throughout Missouri for the presence of 19 

19 different grapevine viruses. A total of 400 samples were collected from 25 grape cultivars, 20 

with a sample consisting of 16 petioles (4 petioles from 4 different vines). Sampling within 21 

vineyard blocks was random, without regard to the presence or absence of symptoms. After 22 

nucleic acids were extracted from petiole samples, nucleic acid samples were analyzed using 23 

reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) to detect viral 24 

RNA/DNA. At least one virus was detected in 90% of the samples. The most common virus 25 

detected in the survey was grapevine rupestris stem pitting-associated virus, which was found 26 

in 59% of the samples, followed by grapevine leafroll-associated virus 3 (53%), grapevine red 27 
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blotch virus (35%), grapevine virus E (31%), grapevine leafroll-associated virus 2 (19%), 28 

grapevine virus B (17%), grapevine fleck virus (13.5%), grapevine leafroll-associated virus 2 red 29 

globe (9%), grapevine vein clearing virus (8 %), grapevine virus A (0.5%), grapevine leafroll-30 

associated virus 4 strain 5 (0.2%).  Two or more viruses were detected in approximately 65% of 31 

the samples, with an upper limit of seven viruses detected in one sample.  An analysis of the 32 

survey results indicated that each grapevine cultivar appears to be infected by specific virus 33 

combinations that are for the most part, unique to that cultivar. 34 

Key words: grapevine cultivar, grapevine leafroll disease, Grapevine red blotch virus, Grapevine 35 

vein clearing virus, Rugose wood complex, virus 36 

Introduction 37 

One of the keys for production of quality perennial plants and plant products is a 38 

comprehensive plan for the detection and mitigation of diseases caused by plant pathogens.  39 

This process begins with the planting of perennials that have been certified to be free of 40 

specific plant pathogens and continues with periodic testing to ensure that plants remain 41 

pathogen-free.  Grapevines are one horticultural crop that have benefited from production of 42 

clean stock and of routine testing.  In particular, grapevines are susceptible to over 86 different 43 

plant viruses (Fuchs 2020). Multiple viruses may accumulate in a grapevine over its lifespan, 44 

and individual viruses, or combinations of different viruses, may have detrimental effects on 45 
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the physiology of the vine, yield of grape berries from the vine, and berry quality (Ricketts et al. 46 

2015, Martelli 2017, Ricketts et al. 2017).  47 

Wine grapes in Missouri are grown on approximately 1700 acres by 450 growers, and are 48 

used by more than 130 wineries for wine production (USDA Natl. Ag Statistics Service  49 

Missouri, 2016). The most common cultivars grown in Missouri are French-American hybrids 50 

(hereafter referred to as hybrids) such as Chambourcin, Vidal blanc, Vignoles, and Chardonel, or 51 

American grapes such as Norton/Cynthiana (Vitis aestivalis) and Concord (Vitis labrusca), rather 52 

than the Vitis vinifera cultivars grown on the west coast and elsewhere in the U.S.  53 

Consequently, a comprehensive survey of viruses in Missouri vineyards could reveal the current 54 

status of the most common and damaging viruses in the Midwest region of the U.S., as well as 55 

about viruses commonly found in native and hybrid grapes.   56 

Previous surveys for grapevine viruses in Missouri were limited in scope and geography, 57 

focusing primarily on only a few locations in the state and a few viruses. For example, Milkus 58 

(2001) surveyed five commercial vineyards in Missouri for the presence of the nepoviruses 59 

grapevine fanleaf virus (GFLV), tobacco ringspot virus (TRSV) tomato ringspot virus (ToRSV) and 60 

arabis mosaic virus (ArMV).  Only Catawba, Norton, Seyval blanc, Vidal blanc and St. Vincent 61 

were surveyed.  He found the prevalence of ToRSV ranged from 28% (Vidal blanc) to 42% (St. 62 

Vincent) in the five cultivars, and 0 to 39% for ArMV, whereas GFLV and TRSV were not 63 

detected.  Interestingly, none of the vines infected with ToRSV or ArMV showed symptoms of a 64 

virus infection.   65 
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Milkus and Goodman (1999) used ELISA to survey five vineyards for six grapevine 66 

viruses.  A total of 334 single leaf samples were tested and the most commonly detected virus 67 

was grapevine leafroll associated virus 3 (GRLaV-3).  GLRaV-3 was detected at five of six 68 

vineyard locations, and its prevalence in the seven cultivars tested varied from 100% in 69 

Catawba at one location, to 0% in Chambourcin.  Grapevine fleck virus (GFkV) and grapevine 70 

virus A (GVA) were also found in Norton and Vignoles, whereas GFLV and grapevine leafroll 71 

associated virus 1 (GLRaV-1) were not detected in any samples.  In addition to the limited 72 

surveys for grapevine viruses, little research has been conducted on the impact of viruses on 73 

hybrid grapevine physiology. Kovacs and coworkers (2001) examined the impact of GLRaV-3 on 74 

Vidal blanc and St. Vincent cultivars, showing that GLRaV-3 caused a reduction in berry weight 75 

and an increase in titratable acid levels. 76 

Grapevine vein clearing disease was first observed in a Chardonnay vineyard in Missouri in 77 

2004 (Qiu et al. 2007).  High throughput sequencing of small RNAs collected from a 78 

symptomatic vine indicated that the causal agent was a Badnavirus, and its complete 79 

nucleotide sequence was assembled through PCR amplification and cloning of the viral DNA 80 

(Zhang et al. 2011).  The virus, grapevine vein clearing virus (GVCV) has been found in several 81 

Vitis vinifera cultivars and interspecific grape hybrids, as well as wild grapes V. rupestris and 82 

heartleaf peppervine Ampelopsis cordata, throughout the Midwest United States (Guo et al. 83 

2014, Beach et al. 2017, Peterson et al. 2019).  Two grape hybrid cultivars, Chambourcin and 84 

Norton, have been reported to be resistant to GVCV (Guo et al. 2014; Qiu et al.2020).  GVCV has 85 
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recently been shown to be transmitted from A. cordata to Chardonel by the grape aphid (Aphis 86 

illinoisensis); thus A. cordata can serve as a natural reservoir for GVCV to be transmitted to 87 

vineyards by the grape aphid (Peterson et al. 2019).   88 

In addition, in 2016, the geminivirus grapevine red blotch virus (GRBV) was detected in the 89 

cultivar Crimson Cabernet in one Missouri vineyard (Schoelz et al. 2019). Red blotch disease 90 

was first recognized in 2008 in a Cabernet Sauvignon vineyard in California (Calvi 2011). The 91 

causal agent, a virus, was independently characterized in New York and California (Krenz et al. 92 

2012, Al Rwahnih et al. 2013), and Koch’s postulates were completed in 2018, proving that 93 

GRBV was the causal agent of red blotch disease (Yepes et al. 2018).  It is now considered to be 94 

widespread in North America (Krenz et al. 2014). With the exception of the one Crimson 95 

Cabernet vineyard in Missouri, little is known about the prevalence of GRBV in other hybrid 96 

grape cultivars grown in Missouri.  97 

In 2017 we surveyed 25 different hybrid or American grapevine cultivars located at 17 98 

vineyards across the state of Missouri for the presence of 19 viruses commonly found in grapes. 99 

A more limited follow-up survey in 2018 confirmed the widespread presence of GRBV in hybrid 100 

grape cultivars grown in Missouri and that some cultivars such as Norton do not exhibit any of 101 

the symptoms typically associated with the red blotch disease. This comprehensive survey of 102 

Missouri vineyards revealed the prevalence and distribution of grapevine viruses in Missouri 103 

vineyards.  The survey results can form the basis for making management decisions about virus 104 

diseases for Missouri growers.  105 
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Materials and Methods 106 

Sample collection in 2017, processing and analysis by quantitative Realtime PCR. Four 107 

hundred samples were obtained from Missouri vineyards in June and July, 2017.  Samples were 108 

collected without taking into account the presence of symptoms in a prearranged pattern 109 

corresponding to the shape of a “W” within the vineyard block.  The first sample and last 110 

samples were taken approximately three rows from the edge of the vineyard block and two 111 

thirds down the length of the row.  Each sample was a composite, consisting of 16 leaves with 112 

petioles; four leaves were collected from each of four vines, with two leaves selected from each 113 

cordon.  Samples at one location were taken from two adjacent vines and the vines directly 114 

across from them.  We typically collected 10 composite samples from a vineyard block, but in 115 

some blocks we collected only five composite samples.  Consequently, a total of 1600 vines 116 

were sampled in the survey.  Samples were maintained in a cooler with ice during collection 117 

and transport to the laboratory. Composite samples were processed by cutting slices from each 118 

of the petioles in the sample, for a total fresh weight of 80 mg per composite sample.  One 119 

complete set of the 400 composite samples was shipped to Foundation Plant Services (FPS) at 120 

UC Davis for further processing and a second complete set was stored in a -80°C freezer at the 121 

University of Missouri.   122 

At FPS, the total nucleic acids (TNA) were isolated from each of the plant samples and then 123 

assayed for 19 different viruses by reverse transcriptase quantitative PCR (RT-qPCR).   124 

Approximately 0.30 g frozen petioles were transferred to extraction bags (Product # 430100, 125 
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BioReba AG, Switzlerland) that contained 3 ml of of guanidine isothiocyanate lysis buffer (4 M 126 

guanidine isothiocyanate; 0.2 M sodium acetate, pH 5.0; 2 mM EDTA; 2.5% (w/v) PVP-40) and 127 

homogenized using a HOMEX grinder (Product # 400014, BioReba AG, Switzlerland). One ml of 128 

lysate was transferred to a 96-deep well plate and stored at -20°C. TNA extracts were prepared 129 

from 400 µl lysate using a MagMAX™ Express 96 and the MagMAX™-96 Total RNA Isolation Kit 130 

(www.thermofisher.com) according to the manufacturer’s specifications. The integrity of RNA 131 

was verified using an 18S rRNA assay (Osman and Rowhani 2006). RT-qPCR reactions were done 132 

in the QuantStudio 6 Flex Real-time PCR system using the TaqMan™ Fast Virus 1-Step Master 133 

Mix (www.thermofisher.com). Each 10 µl reaction included 2 µl TNA and final primer and probe 134 

concentrations of 900 and 250 ῃM, respectively. The viruses included in the survey are listed in 135 

Table 1. Primers and probes used for the detection of these viruses were used as described by: 136 

GLRaV-1, GLRaV-2, GLRaV-4, GLRaV-4 strain 5, GLRaV-4 strain 9 (Osman et al. 2007); GLRaV-7 137 

(Al Rwahnih et al. 2011); GRSPaV (Osman and Rowhani 2008); GVA, GVB and GVD (Osman et al. 138 

2013); GFLV (Osman and Rowhani 2006); GFkV, GLRaV-2RG and ToRSV (Osman et al. 2008); 139 

GLRaV-3 (Diaz-Lara et al. 2018); and GPGV (Al Rwahnih et al. 2016). For all other viruses (ArMV, 140 

TRSV, GRBV, GVCV, GVE, GVF, GLRaV-3 strain e, GLRaV-4 strain 6, GLRaV-4 strain Pr, GLRaV-4 141 

strain Car), primers and probes developed at FPS were used (Al Rwahnih, unpublished data). In 142 

the case of phytoplasmas, a universal assay that detects all known phytoplasmas was used 143 

(Hodgetts et al. 2009). Lastly, probes and primers designed by Schaad et al. (2002) were used 144 

for Xylella fastidiosa. These primers and probes are part of the routine testing procedure at FPS.  145 

http://www.thermofisher.com/
https://link.springer.com/article/10.1007/s42161-019-00263-0#ref-CR19
http://www.thermofisher.com/
https://link.springer.com/article/10.1007/s42161-019-00263-0#ref-CR21
https://link.springer.com/article/10.1007/s42161-019-00263-0#ref-CR20
https://link.springer.com/article/10.1007/s42161-019-00263-0#ref-CR12
https://link.springer.com/article/10.1007/s42161-019-00263-0#ref-CR28
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To verify the GRBV results obtained at FPS, GRBV infection status was evaluated in selected 146 

duplicate samples stored at the University of Missouri. Total DNA was isolated using a DNeasy 147 

plant mini kit (Qiagen, Carlsbad, CA) and GRBV DNA was amplified by PCR using PfuUltra II 148 

Fusion HS DNA Polymerase (Agilent, Santa Clara, CA).  The PCR primers (2866For 149 

5’AAGGCGTGTAGGTGTGGCTC3’ and 119Rev 5’ACGGATCCAGCGTCTAAGC3’) amplified a 461 bp 150 

DNA segment spanning the region of nucleotides 2866 to 119.  PCR conditions were 94C for 5 151 

minutes, followed by 35 cycles of 94C for 30 s, 55C for 30 s, 72C for 30 s, and the 72C for 10 152 

min.   153 

Sample collection in 2018, processing and PCR analysis for GRBV. For the 2018 survey 154 

for GRBV, individual Chambourcin and Norton vines were sampled in late June at three 155 

locations that had tested positive for GRBV in the 2017 survey.   Samples were collected in a 156 

prearranged pattern without taking into account the presence of symptoms. At each location, 157 

eight vines were sampled from each of five rows. Four leaves were collected from every fifth 158 

vine in the row, with two leaves selected from each cordon. In addition, 10 vines of Crimson 159 

Cabernet were selected randomly from a single location.  Samples were maintained in a cooler 160 

with ice during collection and transport to the laboratory. Total DNA was isolated using a 161 

DNeasy plant mini kit (Qiagen, Carlsbad, CA) and GRBV DNA was amplified by PCR using GoTaq 162 

Polymerase (Promega, WI).  The PCR primers (621For 5’TCAACTGAGTAGACGCGTTGC3’ and 163 

1261Rev 5’TCAACATCATTCCGTCCTCCA3’) amplified a 640 bp DNA segment spanning the region 164 
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of nucleotides 621 to 1261.  PCR conditions were 94C for 5 minutes, followed by 30 cycles of 165 

94C for 30 s, 50C for 30 s, 72C for 30 s, and the 72C for 10 min.   166 

Evaluation of Norton and Chambourcin for symptoms of GRBV. To determine whether 167 

GRBV symptoms could be observed in Norton and Chambourcin leaves, 20 individual 168 

Chambourcin and 20 Norton leaves were collected in late September in 2018. Where possible, 169 

some samples were selected for the characteristic interveinal reddening associated with GRBV 170 

in red-berried V. vinifera cultivars, whereas others were lacking any obvious symptoms. 171 

Samples were maintained in a cooler with ice during collection and transport to the laboratory, 172 

where individual leaves were photographed and then scored for the presence or absence of the 173 

GRBV virus by PCR.  Total DNA isolation and PCR analysis were as described in the previous 174 

section. 175 

Statistical analysis of the 2017 survey. An examination of the data suggested that 176 

certain combinations of viruses occurred together in particular cultivars more often than would 177 

be seen by chance. Permutation tests of goodness of fit (Fisek and Barlas 2013) were performed 178 

to determine if the presence of one virus in a sample affected the likelihood of seeing other 179 

viruses. Additionally, three cultivars, Chardonel, Norton, and Vignoles, were found together at 180 

each of three locations; for this reason, these cultivars and locations were selected for further 181 

study. Likelihood ratio tests for non-nested models (Williams 1970, Lewis et al. 2011) were used 182 

to compare various models for the distribution of viruses in cultivars and vineyards. All model 183 
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fitting and analysis was performed within R (R Core Team, 2018) and p-values were determined 184 

through simulation. 185 

Results 186 

A total of 25 grape cultivars were sampled, and the results for each cultivar are 187 

summarized in Table 2.  In addition, all samples were negative for X. fastidiosa and one 188 

composite sample was positive for a phytoplasma (data not shown).  The top three most 189 

prevalent viruses in grapevine cultivars grown in Missouri were grapevine rupestris stem pitting 190 

associated virus (GRSPaV), GLRaV-3, and GRBV, with a prevalence of 58.7%, 52.7% and 35.0%, 191 

respectively (Table 2).  However, a discussion of the average incidence masks the true 192 

distribution of the viruses in hybrid grape cultivars. For example, 58.7% of the samples 193 

contained GRSPaV, but 100% of the Vidal blanc samples contained this virus, whereas GRSPaV 194 

was not detected in any of the 40 composite samples of Norton (Table 2).  Consequently, it is 195 

better to look at the virus composition in individual cultivars rather than the average results 196 

from the survey. The major findings of the survey are summarized below. 197 

GRBV was prevalent in a majority of the grape cultivars surveyed in 2017. GRBV was 198 

first discovered in Missouri in 2016 in the cultivar ‘Crimson Cabernet’ (Schoelz et al. 2019).   The 199 

2017 survey revealed the widespread occurrence of GRBV in hybrid grape cultivars, as GRBV 200 

was detected in 17 of the 25 grape cultivars and at 28 locations across Missouri (Table 2).  GRBV 201 

was detected in six of the seven cultivars most widely grown in Missouri (USDA Natl. Ag 202 

Statistics Service Missouri, 2016).  GRBV was detected in approximately 75% of Chardonel and 203 
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Norton samples, and in approximately 20-27% of Vidal blanc, Chambourcin, and Concord 204 

samples. By contrast, only 4.3% of Vignoles samples were positive for GRBV, and GRBV was not 205 

detected in any of the Catawba samples (Table 2). 206 

To verify the results of the RT-qPCR assay, two samples from each location/cultivar that 207 

tested positive for GRBV were selected from the duplicate set of petioles stored at -80 C in 208 

Missouri and total DNA was isolated for a conventional PCR analysis. The only exceptions to this 209 

scheme occurred with the cultivar Albania and with the cultivar Vidal blanc at one of two 210 

locations, as only one of the composite samples at these locations was shown to be positive for 211 

GRBV.  GRBV was shown to be present in the analysis of all 54 duplicate samples tested, 212 

confirming the results of the initial RT-qPCR assay (data not shown). 213 

Since all samples collected in 2017 were composites of four vines, the infection rate in a 214 

sample testing positive for a virus could range from 25% to 100%.  To acquire a more accurate 215 

assessment of GRBV in Missouri, we followed up in July, 2018 with testing of individual vines of 216 

Norton, Chambourcin, and Crimson Cabernet at several locations (Table 3).  In general, the 217 

testing of individual vines in 2018 confirmed the results obtained with the composite samples in 218 

2017 (Table 3).  For example, at three of the four sites in which 100% of the composite samples 219 

tested positive for GRBV, its prevalence was above 25%.  In one Norton block, GRBV was 220 

detected in 15% of the vines tested individually (6 out of 40 vines tested positive).  221 

Furthermore, the two sites in which composite vines were negative for GRBV in 2017 remained 222 

negative upon testing of individual vines in 2018. 223 
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Prior to 2017, the only cultivar in Missouri that appeared to have any evidence of GRBV 224 

symptoms was Crimson Cabernet. GRBV symptoms in Crimson Cabernet are characterized by 225 

interveinal redness that develops late in the growing season (Fig. 1A), whereas uninfected 226 

leaves remain green (Fig. 1D).  Symptom expression in Crimson Cabernet infected with GRBV 227 

can anecdotally be attributed to genetic parentage, as Crimson Cabernet is 62.5% V. vinifera 228 

and 37.5% V. aestivalis. To determine whether the typical GRBV symptom of interveinal 229 

reddening could be observed in Norton and Chambourcin leaves, representative leaves from 20 230 

vines for each cultivar were collected in late September in 2018 and tested for the presence of 231 

GRBV.  Figure 1 illustrates representative Chambourcin and Norton leaves that tested either 232 

positive or negative for GRBV.  GRBV infection in Chambourcin was associated with a bright red 233 

symptom in the interveinal tissue, with the veins remaining green (Fig. 1B).  Seven of the eight 234 

Chambourcin leaves that tested positive for GRBV exhibited a reddening of the interveinal 235 

tissue. By contrast, the twelve Chambourcin leaves negative for GRBV were free of any reddish 236 

color (Fig. 1E). In the case of Norton, no discernible differences were observed between the five 237 

GRBV-positive leaves and the 15 leaves that were negative for GRBV (representative leaves 238 

illustrated in Fig. 1C and F), indicating that at the level of symptomatology, Norton appears 239 

asymptomatic for infection by GRBV.  It is important to note that symptoms of GRBV infection 240 

can be confused with symptoms for GLRaVs, particularly GLRaV-3.  Significantly, the site chosen 241 

for sampling Chambourcin leaves had been found in the 2017 survey to be free of GLRaV-3, so 242 

we could assess the potential contribution of GRBV by itself to symptomatology in infected 243 
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vines. This was not the case for Norton, as the 2017 survey showed that 85% of Norton samples 244 

were infected with GLRaV-3, although Norton also appeared to be free of symptoms of GLRaV-245 

3. (Volenberg and Schoelz, personal communication). 246 

Grapevine leafroll viruses were prevalent in a majority of the hybrid grape cultivars 247 

sampled in 2017. Two distinct leafroll viruses (GLRaV-3, GLRaV-2/GLRaV-2RG) were detected at 248 

a high prevalence in the 2017 survey, whereas a third virus (GLRaV-4 strain 5) was found in only 249 

one of the 400 composite samples (Table 2).  Of these three viruses, GLRaV-3 is considered the 250 

most important causal agent of GLD (Maree et al., 2013).  In the 2017 survey for GLRaV-3 in 251 

Missouri, GLRaV-3 was found in 19 of the 25 grape hybrid cultivars surveyed and overall was 252 

detected in 52.7% of all samples (Table 2).  For the grape cultivars Vidal blanc, Vignoles, and 253 

Norton sampled at five or more locations, GLRaV-3 was detected at a very high level (over 254 

85%). GLRaV-3 was also detected at high levels in Concord, Muench, Wetumpka, Catawba and 255 

Marechal Foch (Table 2). However, for these cultivars the sample size was small and typically 256 

came from only one location, so it is not possible to state whether the high levels of infection 257 

are indicative of GLRaV-3 levels across the state for those cultivars.   258 

In the 2017 statewide survey for viruses in Missouri, GLRaV-2 was found in seven and 259 

GLRaV-2RG was found in four of the 25 hybrid grape cultivars surveyed (Table 2).  Although 260 

these viruses were not as widely detected as GLRaV-3, there were some cultivars in which the 261 

prevalence was high. For example, GLRaV-2RG was detected in 72.5% of the 40 Norton samples 262 
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collected from six vineyards (Table 2), whereas GLRaV-2 was found in 91.1% of Vidal blanc, 263 

54.2% of Vignoles, and 26.7% of Chambourcin samples.  264 

GVCV was detected almost exclusively in white-berried cultivars. GVCV, a grapevine 265 

virus that was first discovered and characterized in Missouri (Lunden et al. 2010, Zhang et al. 266 

2011, Guo et al. 2014), was detected in 8.2% of the composite samples taken during the 2017 267 

survey (Table 2).  The low survey incidence of GVCV in the survey was likely skewed by the 268 

observation that GVCV was absent from all red-berried cultivars, with the exception of Noiret.  269 

In fact, GVCV was detected at moderate levels of 33.3%, 24.4% and 20.0%, in Vidal blanc, 270 

Chardonel, and Valvin Muscat, respectively (Table 2). Consequently, GVCV might be considered 271 

a significant problem for specific white grape cultivars, but may not be an issue for red grape 272 

cultivars.  Recently, it was shown that Chambourcin is resistant to GVCV (Guo et al. 2014); it 273 

may be that resistance may be found in other red grape cultivars, as well. 274 

The incidence of some viruses varied with the age of the vineyard, whereas incidence 275 

for other viruses was independent of vineyard age. As part of the 2017 survey, we queried the 276 

vineyard managers to determine the year in which the vineyard was planted.  To examine the 277 

effect of grapevines on the incidence of each of the viruses, vineyards were divided into four 278 

categories.  The grapevine samples from most of the vineyards fell within the three categories 279 

of less than 10 years old, 11 to 20 years old, and 21 to 40 years old.  The fourth category, 280 

consisting of a single Norton vineyard block that was estimated to be at least 156 years old, 281 

provided an interesting contrast with more recent plantings.  Several patterns were apparent in 282 
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this analysis.  With many viruses, virus incidence was lowest in the youngest vineyard blocks 283 

and the viruses accumulated as vines increased in age.  For example, the incidence of GLRaV-3 284 

was 36.0% in the youngest vines, 48.1% in vines from 11 to 20 years of age, and 74.5% in vines 285 

from 21 to 40 years of age (Table 4).  This pattern was similar to another recent survey for 286 

GLRaV-3 in V. vinifera grapes conducted in Ontario, in which the authors recorded percent 287 

incidences of 37.8, 55.7, and 71.1 for grapevine samples of ascending ages (Xiao et al. 2018). 288 

Other viruses that conformed to this pattern included GLRaV-2, GLRaV-2RG, GVE, GVB and 289 

GVCV (Table 4).   By contrast, the incidence of GRBV appeared to be independent of vineyard 290 

age, with one important exception (Table 4).  GRBV was absent from the five composite Norton 291 

samples that were over 156 years of age.  In a follow-up survey in 2018 specifically at this 292 

location, 40 vines were tested individually GRBV and all were negative, providing further 293 

evidence that GRBV was absent from this Norton vineyard.   294 

The most commonly grown grape cultivars in Missouri were typically infected with 295 

multiple viruses. The 2017 survey found that 90.2% of the composite samples contained at 296 

least one virus.  Two or more viruses were detected in approximately 65% of the samples, with 297 

an upper limit of seven viruses detected in one sample.  Interestingly, an analysis of the survey 298 

results indicated that grapevine cultivars appeared to be infected by specific virus combinations 299 

that are for the most part, unique to that cultivar. This is most clearly seen in three of the 300 

cultivars most commonly grown in Missouri, the cultivars Vignoles, Norton, and Vidal blanc.   301 
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Every one of the 70 composite samples collected for Vignoles contained two or more 302 

viruses (Table 5). GRSPaV was present in every sample, whereas GLRaV-3 was detected in 90% 303 

of them.  By contrast, GRBV and GVCV were nearly absent from the samples of Vignoles, as 304 

GRBV and GVCV were found in 4.2% and 1.4% of the composite samples, respectively.  One of 305 

the strengths of the survey is that multiple Vignoles vineyards were surveyed, revealing that 306 

virus combinations discovered in Vignoles were largely unique to Vignoles (Table 5, all 307 

combinations highlighted in bold).  For example, composite samples containing GRSPaV, GLRaV-308 

3, GVB, and GVE (Table 5, highlighted in bold lettering) were found at five different vineyards, 309 

and this combination occurred only with Vignoles.  Interestingly, three of the Vignoles vineyard 310 

blocks were derived from the same nursery, whereas the other two came from two other 311 

nurseries.  This indicated that virus infections in Vignoles may have more in common with other 312 

Vignoles vineyards across the state, rather than with virus infections of other cultivars planted 313 

adjacent to Vignoles.   314 

The types of viruses detected in Norton were distinctly different from Vignoles (Table 6).  In 315 

contrast to Vignoles, GRSPaV and GLRaV-2 were absent from all samples.  Furthermore, GRBV 316 

and GLRaV-2RG were detected in 77.5% and 72.5% of the composite Norton samples, 317 

respectively; these two viruses were nearly absent from Vignoles composite samples. The only 318 

virus that was detected at a high level in both Norton and Vignoles was GLRaV-3, at 85.0% and 319 

88.5%, respectively.  Virus combinations unique to Norton (i.e not found with other cultivars) 320 

are highlighted with bold lettering (Table 6).  All of the Norton composite samples contained at 321 
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least one virus, and 92.5% carried two more viruses. Of samples that contained more than one 322 

virus, all contained some combination of GRBV, GLRaV-3 and GLRaV-2RG; 42.5% of the Norton 323 

samples contained all three viruses (GRBV, GLRaV-3, and GLRaV-2RG), whereas another 50% of 324 

the samples consisted of one of three combinations: GRBV and GLRaV-2RG, GLRaV-3 and 325 

GLRaV2RG, or GLRaV-3 and GRBV (Table 6). 326 

The types of viruses detected in Vidal blanc were a mixture of elements from both Vignoles 327 

and Norton (Table 7).  For example, GRSPaV was detected in 100% of the Vidal blanc samples, 328 

similar to Vignoles, but also a significant percentage (24%) also carried GRBV.  In addition, 329 

91.1% of the samples carried GLRaV-3.  One characteristic that distinguished Vidal blanc from 330 

both Norton and Chambourcin was that one third of the samples contained GVCV.   In addition, 331 

Vidal blanc had one of the highest infection rates for GLRaV-2 (at 91.1%).  As with Vignoles and 332 

Norton, most of the virus combinations detected in Vidal blanc were unique to that cultivar 333 

(Table 7, highlighted with bold lettering).    334 

The presence of viruses in grapevine cultivars is thought to be closely associated with 335 

dissemination of infected planting material.  By contrast, if virus prevalence were driven largely 336 

by spread after planting, then viruses should be found together randomly in all cultivars, in 337 

proportion to their prevalence in the survey.  This second assumption was tested for each 338 

cultivar at each vineyard individually using a permutation-based goodness of fit test. Substantial 339 

deviations from expected patterns were observed when all cultivars were tested together 340 

(p=0.010); this significance was driven by the significant (p=0.003) difference for Vignoles. All 341 
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other cultivars tested (Norton, Vidal blanc, Chambourcin, and Chardonel) did not show 342 

statistical significance at alpha = 0.05. These results suggest that, at least for Vignoles, it is 343 

unlikely that virus spread after planting is responsible for the virus combinations detected in 344 

Vignoles. 345 

To further evaluate whether viruses are spreading throughout cultivars within a vineyard or 346 

through infected cultivar planting material, two different models of virus spread were 347 

compared. In the first, the virus pattern was assumed to be consistent in the different cultivars 348 

at a particular vineyard, but may differ across vineyards. In the second, the virus pattern was 349 

assumed to be consistent within a particular cultivar, regardless of the vineyard where the 350 

cultivar was found. Likelihood ratio testing of these two models indicates that while the second 351 

model is far better than the first, neither model adequately describes the observed data. (p < 352 

0.001 and p =0.005 using models 1 and 2 as the null model, respectively). The improved fit for 353 

the cultivar model may be due at least in part to resistance of some cultivars to specific viruses 354 

when other cultivars are susceptible. 355 

Since neither of the previously examined models provided good fit to these data, an 356 

additional model was considered. This model (Model 3) is identical to the cultivar model 357 

previously identified, except that it has a separate virus distribution for Norton grapes in one 358 

location. The vines tested at this location were planted approximately 156 years ago, and their 359 

virus pattern seems to be distinct from younger Norton vines (Table 6, Herman Site 1). Model 3 360 

provides a statistically significantly better fit to these data than the cultivar-based model 361 
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identified previously and acceptable fit to these data (p<0.001 and p=0.41 for using model 2 362 

and Model 3 as the null model, respectively).  363 

Discussion 364 

This study is the first comprehensive survey for grapevine viruses in Missouri vineyards, 365 

providing updated information for grapevine viruses in the Midwest and also, for viruses found 366 

in hybrid grape cultivars. We found that 90% of the 400 composite samples were infected with 367 

at least one virus, and 65% of the samples contained two or more viruses.  These results are 368 

similar to a survey of Vitis vinifera in Ontario, in which 95.6% of the composite samples were 369 

infected with one virus and 71.7% carried two or more viruses (Xiao et al. 2018).  Xiao and 370 

coworkers (2018) suggested that the high incidence of virus infections detected in their study 371 

was likely due to the use of infected planting material, and our study is in agreement with their 372 

analysis. 373 

In our study, we noted that grapevine cultivars appeared to be infected by specific virus 374 

combinations that are for the most part, unique to that cultivar.  Most vineyards in our survey 375 

consisted of two to seven different hybrid grape cultivars at a single location.   Remarkably, 376 

virus combinations found in one cultivar had more in common with the same cultivar at other 377 

vineyards across the state rather than with different cultivars located within the same vineyard.  378 

These patterns suggested that virus distribution in a cultivar was driven more by the presence 379 

of the virus in the initial planting material rather than due to spread of the virus by a vector 380 

after planting.  To examine whether the presence of one virus in a sample affected the 381 
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likelihood of seeing other viruses, we did a permutation test of goodness of fit (Fisek and Barlas 382 

2013). The hypothesis, which tested the likelihood that viruses should be found together 383 

randomly in all cultivars, was rejected for Vignoles (p=0.003). The variations observed in the 384 

other cultivars, Norton, Vidal blanc, and Chambourcin, were not significant. However, the virus 385 

pattern in one Norton vineyard that was planted over 156 years ago appeared to be distinctly 386 

different from the other four more recently planted sites. A third model, which separated out 387 

the 156 year-old Norton planting from the other sites, provided a significantly better fit for the 388 

data, providing further evidence that virus combinations are cultivar-specific.  389 

There is, however, compelling evidence that at least one virus, GVCV, is spreading among 390 

some cultivars in Missouri.  GVCV can infect both the wild grape V. rupestris, as well  391 

A. cordata (Beach et al. 2017, Peterson et al. 2019).  Both species are commonly found 392 

throughout Missouri, and Peterson et al. (2019) showed that GVCV is well established in these 393 

species. In a survey of 113 A. cordata samples collected from three Midwest states, 31% of A. 394 

cordata were positive for GVCV (Peterson et al. 2019).  Furthermore, the grape aphid (Aphis 395 

illinoisensis), an insect ubiquitous in Missouri, can transmit GVCV from A. cordata to Chardonel.  396 

Consequently, a substantial reservoir of GVCV exists in Missouri and surrounding Midwest 397 

states, and an insect vector has been proven capable of transmission of GVCV to cultivated 398 

grapes (Beach et al. 2017, Peterson et al. 2019). Nonetheless, GVCV was only detected in seven 399 

of 25 cultivars in our survey.  GVCV was found in a substantial number of the composite 400 

samples of Vidal blanc and Chardonel, as well as in other cultivars such as Valvin Muscat, 401 
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Cayuga, Noiret, and Viognier (Table 2). However, it was striking to see that the virus was absent 402 

from all red-berried cultivars, with the exception of one sample of Noriet (Table 2).  The 403 

cultivars Chambourcin and Norton have been shown to be resistant to GVCV (Guo et al. 2014; 404 

Qiu et al. 2020); it may be that other red cultivars are also resistant.   405 

One surprising result of the survey was that GRBV is present in a broad range of hybrid 406 

grape cultivars grown in Missouri. Prior to 2017, GRBV had only been found in the cultivar 407 

Crimson Cabernet; its discovery in this cultivar in 2016 was facilitated by the appearance of the 408 

classic symptoms late in the growing season that are associated with GRBV infection (Schoelz et 409 

al. 2019).  The 2017 survey revealed that GRBV was detected in 16 of the 25 hybrid grape 410 

cultivars included in the survey and in a high proportion of samples.  For example, GRBV was 411 

detected in 77% of the Norton composite samples, and was found in five of the six Norton 412 

vineyard blocks included in the survey (Table 5).  The one exception was a 0.85 acre block of 413 

Norton that was planted before the Civil War; all five composite samples contained GLRaV-3, 414 

GLRaV-2RG and GVE, but GRBV was absent (Table 5).  Forty individual vines, approximately one 415 

third of the Norton vines in the same block, were sampled for GRBV in 2018, and GRBV was not 416 

detected in any samples (Table 3).  Although GRBV was only recently recognized as a distinct 417 

disease agent in 2008 and the virus genome characterized in 2012 (Krenz et al. 2012, Al 418 

Rwahnih et al. 2013), its presence in germplasm repositories indicated its presence in California 419 

vineyards as early as 1940 (Al Rwahnih et al. 2015; Thompson et al. 2018).  It is interesting that 420 

GRBV was absent from the Norton planted before the Civil War and that this block remained 421 
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free of GRBV.  Within the same vineyard there were two blocks of Chardonel, and GRBV was 422 

readily detected in both blocks in the 2017 survey.  Consequently, it does not appear that GRBV 423 

was transmitted to this Norton block by any insect vector, even though the virus was present 424 

within the same vineyard. Studies are underway now to determine the prevalence of the three-425 

cornered alfalfa hopper vector (Bhader et al. 2016, Cieniewicz et al. 2018) or whether alternate 426 

vectors for GRBV might exist. 427 

One unexpected result of the 2017 survey was that no nematode transmitted viruses, 428 

represented by GFLV, ToRSV, TRSV and ArMV (Table 1), were detected in any of the 400 429 

samples, even though an earlier survey of five Missouri vineyards found the presence of ToRSV 430 

and ArMV (Milkus 2001).  ToRSV typically induces poor berry set and size in berry clusters 431 

(Rowhani et al. 2017), symptoms that were observed during collection of samples in Vidal blanc 432 

and Chardonel in the 2017 survey.  Furthermore, the presence of ToRSV was confirmed by 433 

ELISA in one Vidal blanc vineyard in 2016 and again in 2018 (Schoelz and Volenberg, 434 

unpublished), even though the RT-qPCR assay failed to detect the virus in the same vineyard in 435 

2017.  One possibility is that we failed to detect ToRSV in the 2017 survey because the 436 

nucleotide sequence targeted by RT-qPCR differs enough from the ToRSV strains in Missouri 437 

such that ToRSV sequences were not amplified.  Further efforts are now directed towards the 438 

characterization of ToRSV isolates present in that Vidal blanc vineyard. 439 

Of all of the viruses detected in our survey, the two considered to cause the most economic 440 

damage nationwide are GLRaV-3 and GRBV. GLRaV-3 is considered the primary causal agent of 441 
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Grapevine leafroll disease (GLD), the most important virus disease of grapevines (Maree et al. 442 

2013).  Symptoms of GLD are most prominent in red-berried cultivars of V. vinifera, as 443 

symptomatic leaves accumulate anthocyanin pigments due to induction of the anthocyanin 444 

biosynthetic pathway (Gutha et al. 2010), which causes the leaves to turn reddish-purple.  445 

Typically, a narrow band of tissue along the major veins remains green (Naidu et al. 2014, 446 

Burger et al. 2017) in symptomatic leaves.  By contrast, white-berried cultivars may show mild 447 

yellowing.  Both red and white berried cultivars may also exhibit a downward curling of the leaf 448 

margins.  Symptoms may begin in the bottom of the canopy as early as véraison, but symptom 449 

development is dependent on a number of factors, including the cultivar, the choice of scion 450 

and rootstock, and the environment.  In contrast to V. vinifera, symptoms of GLD have not been 451 

observed in American grape species and in hybrids, even though there is no evidence of 452 

resistance in these Vitis species.  453 

The effect of GLD on vine physiology has been studied extensively, as summarized in 454 

Reynolds (2017).  In V. vinifera, GLD has been shown to affect vine health in a number of ways, 455 

including a reduction in photosynthesis, reductions in cluster number, cluster weight, berry   456 

weight, and vine size. GLD may also affect fruit quality through delays in fruit maturity, as well 457 

as through alterations in soluble solids, titratable acids (TA), total phenolics and total tannins 458 

(Naidu et al. 2014, Burger et al. 2017).  Based on studies on V. vinifera grown on the West Coast 459 

and New York, the potential economic impact could be significant. One study conducted in the 460 

Finger Lakes region of New York estimated losses associated with GLRaV-3 at $25,000-40,000 461 
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per hectare in Cabernet Franc vineyards (Atallah et al. 2012), with comparable estimated losses 462 

for Cabernet Sauvignon and Merlot vineyards in California and Washington (Ricketts et al. 463 

2015).    464 

The economic impact of GRBV is comparable to GLRaV-3.  GRBV induces red symptoms in 465 

leaves of red-berried V. vinifera cultivars, with symptoms first appearing in older leaves late in 466 

the season (Cieniewicz et al. 2017).  Leaves with strong symptoms may prematurely drop off 467 

the vine.  In white berried cultivars leaves may develop chlorosis that turn necrotic as the 468 

season progresses.  GRBV also is known to delay fruit ripening, altering carbon translocation 469 

away from berries, and reducing the total soluble solids and decreasing Brix in fruit and 470 

anthocyanin contents in berry skin (Blanco-Ulate et al. 2017, Cieniewicz et al. 2017, Martínez-471 

Lüscher et al., 2019). Symptoms in red-berried cultivars caused by GRBV may be confused with 472 

GLRaV-3, but also could be similar to abiotic stresses that include magnesium or potassium 473 

nutrient deficiencies.   Ricketts and coworkers (2017) estimated that the economic impact of 474 

GRBV could be as much as $68,548 per hectare over the lifespan of a vineyard. 475 

Both of GRBV and GLRaV-3 were detected in a broad range of hybrid grapes grown in 476 

Missouri, but there currently is a gap in our knowledge concerning the impact of these viruses 477 

on the types of grape hybrid cultivars grown in Missouri. In fact, only one study has examined 478 

the influence of virus infections on hybrid grapes.  Kovacs et al. (2001) examined the impact of 479 

GLRaV-3 on Vidal blanc and St. Vincent cultivars, showing that GLRaV-3 caused a reduction in 480 

berry weight and an increase in titratable acid levels. In our study, we could reliably observe 481 
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GRBV symptoms in the cultivar Crimson Cabernet and perhaps Chambourcin.  We have not 482 

been able to confirm any symptoms that would be diagnostic of GRBV infection in Norton.  483 

Further research will be necessary to examine the impact of GRBV and GLRaV-3 on the 484 

physiology and berry quality of the hybrid grape cultivars grown in the environmental 485 

conditions common to Missouri. 486 

Conclusion 487 

This study is the first comprehensive survey for grapevine viruses in Missouri vineyards, 488 

providing some of the first survey information for grapevine viruses in the Midwest and also, 489 

for viruses found in hybrid grape cultivars. Previous surveys for viruses of grapevines in 490 

Missouri were of limited scope and did not provide a comprehensive assessment of different 491 

cultivars in vineyards across the state.  Of the 400 composite samples included in our survey, 492 

90% were infected with at least one virus and 65% contained two or more.  GVCV, a virus that 493 

was discovered in Missouri, was primarily detected in white-berried cultivars, with moderate 494 

levels of infection in Vidal blanc, Chardonel, and Valvin Muscat.  GRBV was prevalent in a 495 

majority of the grape cultivars surveyed, as it was detected in 17 of the 25 grape cultivars and 496 

at 28 locations across Missouri. Interestingly, GRBV was detected in 77% of the Norton samples, 497 

but was absent from a 0.85 acre block of Norton that was planted before the Civil War, which 498 

indicates a limited opportunity for spread of the virus at that location. Similarly, grapevine 499 

leafroll viruses were prevalent in a majority of the hybrid grape cultivars sampled. Although a 500 

high percentage of samples were infected with GLRaV-3 and or GRBV, the hybrid grapes grown 501 
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in Missouri did not exhibit the red leaf symptoms that are readily observed in Vitis vinifera 502 

cultivars.  It is important now to examine the impact these viruses may have on hybrid vine 503 

health and berry quality. 504 
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Table 1  Grapevine viruses tested for1 and grapevine viruses detected2 in the 2017 survey3. 
              
Nepoviruses    Vitiviruses 
grapevine fanleaf virus (GFLV)  grapevine virus A (GVA)2 
tomato ringspot virus (ToRSV)  grapevine virus B (GVB)2 

arabis mosaic virus (ArMV)  grapevine virus D (GVD) 
tobacco ringspot virus (TRSV)  grapevine virus E (GVE)2 

     grapevine virus F (GVF) 
DNA viruses  
grapevine red blotch virus (GRBV)2 Closteroviruses 
grapevine vein clearing virus (GVCV)2 Grapevine leafroll-associated virus 1 (GLRaV-1) 
     Grapevine leafroll-associated virus 2 (GLRaV-2)2 

Trichovirus    Grapevine leafroll-associated virus 2 isolate red globe (GLRaV-2RG)2 

grapevine Pinot gris virus (GPGV)  Grapevine leafroll-associated virus 3 (GLRaV-3)2 

     Grapevine leafroll-associated virus 3 strain e (GLRaV-3 strain e) 
Fovevirus    Grapevine leafroll-associated virus 4 (GLRaV-4)2 

grapevine Rupestris stem pitting-  Grapevine leafroll-associated virus 4 strain 5 (GLRaV-4 strain 5) 
 associated virus (GRSPaV)2 Grapevine leafroll-associated virus 4 strain 6 (GLRaV-4 strain 6)  
     Grapevine leafroll-associated virus 4 strain 9 (GLRaV-4 strain 9) 
Maculavirus    Grapevine leafroll-associated virus 4 strain Pr (GLRaV-4 strain Pr)  
grapevine fleck virus (GFkV)2  Grapevine leafroll-associated virus 4 strain Car (GLRaV-4 strain Car) 
     Grapevine leafroll-associated virus 7 (GLRaV-7)   
            
1Total nucleic acid samples were extracted from petioles and analyzed using reverse transcriptase-quantitative 
polymerase chain reaction (RT-qPCR) to detect viral RNA/DNA. 
2Viruses in bold were detected in the survey. 
3A total of 25 grape cultivars were surveyed and a total of 400 samples. A sample was 16 petioles (4 petioles from 
four different grapevines. Sampling was random in vineyard blocks without regard to presence or absence of 
symptoms. 
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Table 2  Virus prevalence in each grape cultivar. 
  Percentage of composite samples in a cultivar that tested positive for each virus 

Cultivar 
No. of 

samples1 GRSPaV GLRaV-3 GRBV GVE GLRaV-2 GVB GVkV 
GLRaV-

2RG GVCV GVA 
GLRaV-4 

str52 
Vignoles 70 100 88.5 4.3 85.7 54.2 65.7 38.5 1.4 1.4 0 0 
Vidal blanc 45 100 91.1 24.4 26.7 91.1 0 28.9 0 33.3 0 0 
Chardonel 45 46.7 33.3 75.5 8.9 6.7 0 0 0 24.4 0 2.2 
Norton 40 0 85.5 77.5 30.0 0 22.5 15.0 72.5 0 2.5 0 
Chambourcin 30 100 3.3 26.7 0 26.7 0 3.3 0 0 3.3 0 
Valvin Muscat 20 100 10.0 40.0 0 0 0 0 0 20.0 0 0 
Vivant 20 15.0 10.0 0 0 0 0 0 0 0 0 0 
Traminette 11 36.4 0 0 0 0 0 0 0 0 0 0 
Cayuga 10 0 50.0 0 0 0 0 0 0 10.0 0 0 
Concord 10 0 100 20.0 100 0 10.0 0 0 0 0 0 
Crimson 
cabernet 

10 0 0 90.0 0 0 0 0 0 0 0 0 

Noiret 10 0 0 60.0 0 0 0 0 0 10.0 0 0 
Rayon 10 100 50.0 0 0 20.0 10.0 40.0 60.0 0 0 0 
Vincent 10 80.0 0 0 0 0 0 0 0 0 0 0 
Viognier 10 100 0 20.0 0 0 0 0 0 10.0 0 0 
Albania 5 0 100 20.0 100 0 40.0 0 0 0 0 0 
Cabernet 
franc 

5 100 0 0 0 0 0 0 0 0 0 0 

Catawba 5 0 100 0 80.0 0 80.0 0 0 0 0 0 
Cloeta 5 0  100 0 0 0 0 0 0 0 0 
Hidalgo 5 0 40.0 80.0 40.0 0 0 0 0 0 0 0 
Lenior 5 0 40.0 100 0 100 60.0 0 0 0 0 0 
Marechal 
Foch 

5 100 100 100 0 0 0 40.0 0 0 0 0 

Muench 5 0 100 0 100 0 20.0 0 0 0 0 0 
Wetumka 5 0 100 100 100 0 100 0 0 0 0 0 
Saperavi 4 100 0 0 0 0 0 0 0 0 0 0 
Survey 
Average3 

400 58.7 52.7 35.0 31.0 19.0 17.2 13.5 9.2 8.2 0.5 0.2 

1The number of composite samples (16 petioles, 4 petioles from 4 different grapevines) collected for each cultivar. 
2GLRaV-4 strain 5, abbreviated to GLRaV-4 str5. 
3The overall percentage of composite samples positive for each virus. 
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Table 3  Prevalence of GRBV in Norton, Chambourcin and Crimson Cabernet composite samples and individual vine 
samples at selected sites. 

Composite samples1  Individual samples2 

Cultivar/Location   collected in 2017  collected in 2018 

Norton/Hermann3   0/54 (0%)5   0/40 (0%) 
Norton/Hermann   5/5 (100%)   6/40 (15%) 
Norton/Central    5/5 (100%)   33/40 (83%)  
Chambourcin/Hermann   0/5 (0%)   0/40 (0%) 
Chambourcin/Hermann   5/5 (100%)   13/40 (33%)  
Chambourcin/Central   3/5 (60%)   29/40 (73%) 
Crimson Cabernet/   5/5 (100%)   10/10 (100%) 
Hermann 
1Composite sample consisted of 4 leaves from 4 vines. 
2Individual samples consisted of 4 leaves from a single vine. 
3Vines at this location were planted before 1860. 
4First number represents number of samples testing positive for GRBV and the second number representing total 
number of samples tested.  
5Number within parentheses represent % of samples infected with GRBV. 
 
 
Table 4  Virus prevalence in grape cultivars based on vine age. 

 
No. of 

Samples 

Percentage of composite samples that tested positive for each virus 

Age1 GRSPaV GLRaV-3 GRBV GVE GLRaV-2 GVB GVkV 
GLRaV-

2RG GVCV GVA GLRaV-5 
             
1-10 125 79.2 36.0 41.6 12.0 16.0 8.0 11.2 0.8 4.8 0.8 0 
11-20 160 49.4 48.1 31.2 37.5 16.2 20.6 11.8 4.3 6.8 0 0 
21-40 110 45.4 74.5 37.2 34.5 27.2 21.8 15.4 17.2 12.7 0.9 0.9 
156 5 0 100 0 100 100 0 0 0 0 0 0 
Total 400 58.7 52.7 35 31 19 17.2 13.5 9.2 8.2 0.5 0.2 
1Represents age of grapevines at time of sampling in 2017. 
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Table 5  Virus composition present in Vignoles composite samples at each of seven vineyard survey sites. 

Viruses 
Central1 

Site 2 
Herm. 
Site 2 

Herm. 
Site 7 

Herm. 
Site 3 

Herm. 
Site 1 

Ozark 
Site 1 

South 
Site 1 Total2 

Total in 
Entire 

Survey3 
GRSPaV, GLRaV-3       1 1 6 
GRSPaV, GVE   1     1 1 
GRSPaV, GVCV       1 1 3 
          
GRSPaV, GLRaV3, GVE  2 1 1  1 2 7 8 
GRSPaV, GLRaV-3, GVB4      1 1 2 2 
          
GRSPaV, GLRaV-3, GFkV, GVE 3 3 1 1    8 8 
GRSPaV, GLRaV-3, GFkV, GVB   1     1 1 
GRSPaV, GLRaV-3, GVB, GVE 6 6 1 3 5   21 21 
GRSPaV, GLRaV-3, GLRaV-2, GVE  1 1     2 5 
GRSPaV, GLRaV-3, GRBV, GVE  3      3 6 
          
GRSPaV, GLRaV-3, GFkV, GVB, GVE 1 4 1  2   8 8 
GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVB    1    1 1 
GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVE    3  1  4 5 
GRSPaV, GLRaV-3, GLRaV-2, GVB, GVE  1      1 1 
GRSPaV, GLRaV-2, GLRaV-2RG, GFkV, GVB   1 1 1 2  5 5 
          
GRSPaV, GLRaV-3, GLRaV-2, GFkV, GVB, 
GVE 

  2  2   4 4 

Total # samples collected at each 
location 

10 20 10 10 10 5 5 70 84 

1Sites are referred to by the Missouri Grape growing region.  Central, Hermann (Herm.), Ozark, Southeast (South)  
2The total number of samples detected in Vignoles (n = 70) with that specific virus combination. 
3The total number of samples detected in the entire survey (n = 400) with that specific virus combination. 
4Virus combinations highlighted in bold are unique to Vignoles.  
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Table 6  Virus composition present in Norton composite samples at each of six vineyard survey sites. 

Viruses 
Central1 

Site 2 
Herm. 
Site 1 

Herm. 
Site 6a 

Herm. 
Site 6b 

South 
Site 1 

Central 
Site 1 Total2 

Total in 
Entire 

Survey3 
GLRaV-2RG 1      1 1 
GLRaV-3 1      1 7 
GRBV     1  1 31 
         
GLRaV-3, GRBV 1    1 2 4 7 
GRBV, GLRaV-2RG4     3 1 4 4 
         
GLRaV-3, GRBV, GLRaV-2RG   2  2  4 4 
GLRaV-3, GRBV, GVB  1     1 2 2 
GLRaV-3, GRBV, GVE 1    1  2 3 
GLRaV-3, GRBV, GFkV       1 1 1 
GLRaV-3, GLRaV-2RG, GVB   1    1 1 
GLRaV-3, GLRaV-2RG, GVE  5     5 5 
         
GLRaV-3, GRBV, GLRaV-2RG, GVB 3    1  4 4 
GLRaV-3, GRBV, GLRaV-2RG, GVE    4   4 4 
GLRaV-3, GLRaV-2RG, GFkV, GVB 1      1 1 
GLRaV-3, GRBV, GLRaV-2RG, GFkV   1 1   2 2 
         
GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVB   1    1 1 
GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVA 1      1 1 
GLRaV-3, GRBV, GLRaV-2RG, GFkV, GVE     1  1 1 
         
Total 10 5 5 5 10 5 40  

1Sites are referred to by the Missouri Grape growing region.  Central, Hermann (Herm.), Southeast (South)  
2The total number of samples detected in Norton (n = 40) with that specific virus combination. 
3The total number of samples detected in the entire survey (n = 400) with that specific virus combination. 
4Virus combinations highlighted in bold are unique to Norton.  
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Table 7  Virus composition present in Vidal blanc composite samples at each of five vineyard survey sites. 

Viruses 
Herm.1 
Site 1 

Aug. 
Site 2 

Aug. 
Site 3 

Aug. 
Site 4 

Ozark 
Site 1 Total2 

Total in 
Entire 

Survey3 
GRSPaV, GLRaV-3     2 2 6 
GRSPaV, GLRaV-2 3     3 7 
        
GRSPaV, GLRaV-3, GLRaV-24 3 1 1  1 6 6 
GRSPaV, GLRaV-3, GFkV     2 2 2 
GRSPaV, GLRaV-2, GVCV 1     1 1 
        
GRSPaV, GLRaV-3, GLRaV-2, GFkV 2    5 7 7 
GRSPaV, GLRaV-3, GLRaV-2, GVE  1  2  3 5 
GRSPaV, GLRaV-3, GLRaV-2, GVCV 1 4    5 5 
GRSPaV, GLRaV-3, GLRaV-2, GRBV   1   1 1 
        
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GFkV    1  1 1 
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVE    4  4 4 
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV  1    1 1 
GRSPaV, GLRaV-3, GLRaV-2, GVCV, GVE  2  1  3 3 
GRSPaV, GLRaV-3, GLRaV-2, GVCV, GFkV  1    1 1 
        
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GFkV   1   1 3 
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GVE   1 2  3 3 
        
GRSPaV, GLRaV-3, GLRaV-2, GRBV, GVCV, GFkV, GVE   1   1 1 
        
Total 10 10 5 10 10 45  

1Sites are referred to by the Missouri Grape growing region.  Hermann (Herm.), Augusta (Aug.), Ozark.  
2The total number of samples detected in Vidal blanc (n = 45) with that specific virus combination. 
3The total number of samples detected in the entire survey (n = 400) with that specific virus combination. 
4Virus combinations highlighted with bold lettering are unique to Vidal blanc. 
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Figure 1  Representative leaves of Crimson Cabernet, Chambourcin and Norton that were either positive or 
negative for GRBV.  A-C. Crimson Cabernet, Chambourcin, and Norton samples, respectively that were PCR 
positive for GRBV. D-F. Crimson Cabernet, Chambourcin, and Norton samples, respectively that were PCR 
negative for GRBV.  
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